3+ -coupled Si nanoclusters (Si-nc) have been produced to observe optical gain at 1535 nm. The presence of Si-nc strongly improves the efficiency of Er 3+ excitation but may introduce optical loss mechanisms, such as Mie scattering and confined carrier absorption. Losses strongly affect the possibility of obtaining positive optical gain. Si-nc-related losses have been minimized to 1 dB/cm by lowering the annealing time of the Er 3+ -doped silicon-rich oxide deposited by reactive magnetron cosputtering. Photoluminescence (PL) and lifetime measurements show that all Er 3+ ions are optically active while those that can be excited at high pump rates via Si-nc are only a small percentage. Er 3+ absorption cross section is found comparable to that of Er 3+ in SiO 2 . However, dependence on the effective refractive index has been found. In pump-probe measurements, it is shown how the detrimental role of confined carrier absorption can be attenuated by reducing the annealing time. A maximum signal enhancement of about 1.34 at 1535 nm was measured.
transmission, reducing their size and cost for integration in local area networks (LANs) presents major difficulties: Ion pair interactions, combined with the small excitation cross section of the Er 3+ ion (10 −21 cm 2 ) impose the use of long lengths of lightly doped fiber. Moreover, high-power (and therefore expensive) laser diodes tuned to specific Er 3+ electronic transitions are required as pump sources. Both these are fundamental physical limitations inherent in the material. A new gain medium that enables broadband optical or electrical excitation of rare earth ions and provides order-of-magnitude enhancements in effective absorption cross sections, with corresponding reductions of amplifier dimensions and cost, would have a big impact on optical amplification and optical networking architectures.
Si nanoclusters (Si-nc) in silica matrices have proved to be efficient sensitizers for Er 3+ [1] because 1) the effective absorption cross section is about 10 −16 cm 2 (488 nm) at low pumping power [2] , [3] , which is of the same order as that of Si-nc absorption (thus inferring an efficient energy transfer from Si-nc to Er 3+ ions) and orders of magnitude larger than the intrinsic absorption cross section of Er 3+ in SiO 2 (about 8 × 10 −21 cm 2 [4] ); 2) their absorption band is broad and in the UV-Vis range, where very cheap diode lasers or light-emitting diodes (LEDs) are available; and 3) the effective refractive index of the composite material is increased by the presence of Si-nc at values larger than that of silica, thus allowing good light confinement. Moreover, encouraging results on electroluminescence in such systems open the possibilities of electrically pumped optical amplifiers [5] . In this way, the functionality of Si electronics might be merged with the optical data transmission capabilities of silica fibers to yield optical integrated circuits within complimentary metal-oxide-semiconductor (CMOS) microcircuits. One enabling device would be an electrically pumped erbiumdoped waveguide amplifier (EDWA) operating at 1.55 µm.
In Er 3+ -coupled Si-nc waveguides, Er 3+ ions present quantum efficiencies greater than 60% and Si-nc-to-Er 3+ transfer rates higher than 1 µs −1 by pumping at 488 nm at low fluxes [6] . Except for the encouraging results of Shin and coworkers [7] , [8] , strong detrimental processes such as cooperative up-conversion and excited state absorption (ESA) [9] related to the Er content, Auger nonradiative de-excitations and confined carrier absorption (CA) within the Si-nc are preventing net optical gain when reaching high pumping fluxes [10] , [11] . It is worth noting that CA has not only the effect of introducing a pump-power-dependent loss mechanism at the signal wavelength but also that of decreasing the effective excitation cross section of Er 3+ by introducing a competing mechanism for Sinc de-excitation. The full comprehension of the energy transfer mechanism from Si-nc to Er 3+ is still under debate [12] , [13] , and the optimization of the material in terms of density and size of Si-nc and of Er 3+ content is to be completed [14] . At low excitation rates, Er 3+ content should not exceed 2 × 10 20 to 4 × 10 20 cm −3 to avoid clustering, cooperative up-conversion, and ESA [15] . The ratio between Si-nc and Er 3+ ions is still to be optimized: High density of Si-nc is desired to efficiently pump all the Er 3+ ions, but this high density will in turn cause a significant CA and will affect optical losses.
In this experimental work, we have performed a first study in order to optimize processing conditions to maximize the coupling between Si-nc and Er 3+ ions and the signal enhancement in a strongly pumped ridge waveguide structure.
II. FABRICATION
A series of Er-doped Si-rich silica layers were deposited by reactive magnetron sputtering, and then thermally treated under various conditions to reach an optimized composition of the material in terms of efficient and high rate coupling between Si-nc and Er 3+ ions. The Er content was varied and adjusted through the number of the cosputtered Er 2 O 3 pellets placed on top of the silica target, while the Si excess was monitored by the hydrogen rate r H (mixed to argon), considering the reducing ability of hydrogen toward the oxygen originating from the silica target [16] , [17] . The layers were deposited on nonintentionally heated silica-capped Si substrates with a power density of 0.75 W/cm 2 . They were subsequently annealed under Ar or N 2 flux at various temperatures (between 700
• C and 1100
The optimization of the material for a maximum Si-nc/Er 3+ coupling in terms of photoluminescence (PL) efficiency was achieved by successive steps. First, the effect of the dilution of the Ar plasma with H 2 was studied by varying the hydrogen rate r H between 0% and 50% for samples annealed at 1100
• C during 1 h. Fig. 1 shows the PL spectra of the deposited films using a nonresonant 476.5-nm excitation line, which ensures that the emitting Er 3+ ions are only those excited through the Si-nc. This is confirmed by the absence of Er 3+ emission when the sample is free from Si excess, i.e., when fabricated with no hydrogen Fig. 2 . Effect of the deposition parameter (plasma pressure) on the emission properties of the Si-nc/Er 3+ system containing a density of Er of 3 × 10 20 cm −3 . in the plasma (r H = 0%). It should be noted that the increase of the r H parameter favors the coupling rate between Si-nc and Er 3+ ions, since the Er 3+ emission is increased three times between r H = 10% and 50%. As the variation of the hydrogen rate does not influence the Si excess, which remains constant at about 11 at% [18] , one can suggest that such PL behavior is due to an increased number of Si-nc nucleation sites. In fact, since the total Si content stays constant, an increased Er 3+ emission can be explained by an increased density of smaller Si-nc. This should favor the coupling between Si-nc and Er 3+ ions. The increase of the Er content in the film (Fig. 1, inset) To overcome the PL limitation occurring for the Er concentration of 3 × 10 20 cm −3 and facilitate an increase of the coupling between Si-nc and Er 3+ ions, some fabrication parameters have been changed. One of them is the total pressure of the Ar + H 2 mixture plasma that was reduced from 4.5 × 10 −2 to 1 × 10 −2 torr. The typical evolution of the PL emission of the deposited films with the plasma pressure is shown in Fig. 2 for an r H = 30% and an Er density of 3 × 10 20 cm −3 . The decrease of the pressure of the plasma leads to the concomitant decrease of the deposition rate of the species. Thus, the enhancement of the PL emission at 1.54 µm can be attributed to a better oxide quality and coupling between the Si-nc and Er 3+ ions. Another parameter studied was the annealing temperature. Fig. 3 shows that the maximum intensity of the Er 3+ emission is reached for an annealing temperature of 900
• C during 1 h for a typical r H value of 50%. Higher temperature leads to a decrease of the Er 3+ emission. The evolution of the Er 3+ lifetime, shown in the inset of Fig. 3 , shows a continuous increase with the annealing temperature attributed to a recovery of the nonradiative recombination centers. Moreover, such behavior allows excluding defect formation to justify the decrease of the PL for annealing temperatures higher than 900
• C. These evolutions evidence the critical role of this fabrication parameter in the coupling between Si-nc and Er 3+ ions through the distribution and the density of Si-nc in the film.
A detailed optimization of the material has been inspired by three recent findings: 1) the increasingly sensitizing effect of smaller Si-nc located below a critical distance from the neighboring ions [19] ; 2) the optical loss induced by the parasitic carrier absorption [11] ; and 3) the effect of annealing time on the emission properties of such Er-doped system [20] . Taking these results into account, slab waveguides have been fabricated with the core layer produced with a low plasma pressure, intermediate Er concentration, and high hydrogen rate to favor coupling between Si-nc and Er 3+ ions, and therefore, the Er 3+ emission. Deposition was performed on a silicon wafer where a thick layer (15 µm) of SiO 2 was deposited. This layer acts as a cladding layer and ensures the optical isolation of the core layer with respect to the silicon substrate. A further SiO 2 layer sputtered on top of the active core layer provides the top cladding and concludes the deposition process. After deposition, the waveguides are annealed at 900
• C and, for a more advanced optimization, the treatment duration is varied: annealing times of 240, 60, 30, 10, 5, and 1 min have been used with the aim of enhancing the sensitizing effect of Si-nc on Er 3+ emission and lowering both the optical losses and the confined carrier absorption. Main slab waveguide parameters are reported in Table I . For the first set of experiments, we will refer to the waveguides as samples. 
III. SAMPLE CHARACTERIZATION

A. Structural Characterization
By the use of secondary ion mass spectroscopy (SIMS) and Rutherford backscattering spectroscopy (RBS), the Si excess and the Er content profile have been determined. SIMS measurements were carried out by means of an IMS 4f mass spectrometer using a 14.5-KeV Cs + primary beam and by negative secondary ion detection. The charge build up, while profiling the insulating samples, was compensated by an electron gun without the need to cover the surface with a metal film. The erosion speed was evaluated by measuring the depth of the erosion crater at the end of each analysis. The RBS measurements were performed using a 4 He + beam (energy 2 MeV) incident at 160
• . Fig. 4 shows the SIMS and RBS results for sample B-60 as an example. The SIMS analysis shows that the erbium, oxygen, and silicon contents are constant through the core layer within 5%, and that no segregation peak is present at the interface with the buffer layer. The core layer thickness was estimated to be 750 ± 50 nm. The result of the simulation is a single layer with constant Er, Si, and O concentrations, in agreement with the SIMS measurements. In particular, the Si excess is about 7% for this sample. By combining the SIMS and RBS measurements, the concentration of Er 3+ ions has been found to be close to 4 × 10 20 at/cm 3 . Si excess and Er content for the whole set of samples are reported in Table I . Samples were annealed at the same temperature for different annealing times.
B. Optical Characterization
M-lines spectroscopy was performed by prism-coupling to measure the refractive index of the core layer at two different wavelengths (632.8 nm and 1.480 µm). In the visible spectrum, a Si detector was used, while in the nearinfrared (NIR) one, a cooled Ge detector was exploited. The measurements were performed first with a prism with refractive index n p = 1.7347, and then repeated with a rutile prism (n o = 2.5839, n e = 2.8657).
The refractive index n of the samples increases as the annealing time lengthens (Fig. 5) . It is worth noting that the sample thickness (measured by SIMS) slightly decreases for prolonged annealing time, suggesting a slight densification of the layers with time. Fig. 5 is interpreted as an increased clustering of Si when the annealing time increases. By using the Bruggeman effective medium approximation [21] , [22] , the composite material can be modeled by different structural phases. A system composed of Si-nc embedded in SiO 2 is able to reproduce the measured refractive index only for the sample annealed for 240 min. In this case, the measured refractive index of about 1.61 is well reproduced by calculations when the Si excess is 7%, which matches the value found by SIMS (Fig. 6, inset) . This confirms that the phase separation is almost complete in this case, as supposed for such a long annealing time. For shorter annealing times, this simple modeling fails. In fact, to take into account the fact that not all the excess silicon segregates into Si-nc and the presence of voids due to an incomplete densification, a substoichiometric defected silica phase SiO x (x < 2) has to be considered. We have used a refractive index of 3.9 for Si-nc, 1.45 for SiO 2 , and between 1.45 and 1.65 for SiO x . From a fit of the data, we can deduce the Si in excess that segregates into Sinc: this amount grows as the annealing time increases (Fig. 6) . A more detailed analysis can be found in [23] . It is worth noting that the dielectric where Si-nc form is not a pure SiO 2 for low annealing times (<240 ), but it is still an SiO x with some voids or defects. This, in turn, means that the Er 3+ local environment is different from that of Er 3+ in pure SiO 2 . The other point to be remembered is that if the Si-nc density can be considered constant and independent on the annealing time [26] , and since the fit shows that the volumetric fraction of Si-nc is increased by increasing the annealing time (Fig. 6) , then the Si-nc mean size increases as the annealing time increases.
In a recent study [24] , the refractive index of quantumconfined silicon has been found lower with respect to that of bulk silicon. In the present paper, however, the annealing temperature is such that only amorphous Si nanoclusters are created [15] . Amorphous Si has a refractive index larger than crystalline silicon [25] , thus balancing the decreases due to quantum confinement. The final result is that a refractive index of 3.9 for the Si-nc fits the data.
The PL measurements were performed with a thermoelectrically cooled InGaAs photomultiplier, connected to a lock-in to ensure synchronous detection. The excitation was provided by the 476-nm line of the Ar laser, modulated with a mechanical chopper to a frequency of 11 Hz. Fig. 7 shows the PL spectra as a function of the annealing time for the 476-nm excitation.
It appears that the longer the annealing times, the stronger the Er 3+ emission. Since the emission cross sections of Er 3+ decrease for long annealing times (see later and also in [26] ), these data can be interpreted as an increased effective excitation cross section of the Er 3+ when the Er 3+ excitation is mediated by Si-nc. In fact, the improved oxide quality in lengthy annealed samples enhances PL Er 3+ emission since fast nonradiative recombination paths are suppressed; moreover, up-conversion decreases with increasing annealing time (see later). However, the augmented size of Si-nc for long annealing times do not favor the coupling between Er 3+ and Si-nc due to carrier absorption as will be shown later.
The lifetime of the PL emission at 1.54 µm for nonresonant 476-nm excitation, was measured by connecting an InGaAs photomultiplier and a digital oscilloscope. The time response of the system was about 80-90 µs. We deemed this response sufficient for measuring the Er 3+ lifetime in SiO x , as it is usually in the 4-5 ms range. The inset of Fig. 7 shows the time decay of the PL τ PL (measured at a photon flux density φ = 10 16 ph/cm 2 ·s) as a function of the annealing time. The lifetime increases with the annealing time by almost one order of magnitude due to an environmental change of the materials surrounding the Er 3+ ions which, besides reducing the number of defects in the matrix, causes a different local field and, hence, increased radiative lifetimes (see more in [28] ).
C. Excitation of Er
3+ Ions
Quantitative measurements of the photon flux emitted from the samples have been possible by using a reference sample whose emission has been independently evaluated and quantified. The sample used as reference was soda lime, 1.3-mm-thick sample supplied by Corning, doped with Er 3+ to a density of 2 × 10 20 cm −3 . This sample is thick enough for its emission under 488-nm excitation to be directly measured with a calibrated optical multimeter, coupled to an integrating sphere. Geometrical, absorption, and internal reflection effects were carefully considered in order to determine the actual emission of the sample. At a pump flux φ = 1.3 × 10 20 ph/cm 2 ·s, the emission of the reference sample was found to be 0.598 mW, corresponding to a density of excited Er 3+ ions N = 6.3 × 10 17 cm −3 , which is quite close to the expected value calculated from
with the Er density N Er = 2 × 10 20 at/cm −3 , the effective excitation cross section for 488-nm light σ 488 = 2 × 10 −21 cm 2 , and the total lifetime τ PL = 8 ms.
Using the calibrated sample as a reference, we were able to determine the collection losses in our PL setup, which allowed the conversion of the photomultiplier signal into the emitted photon flux, which, in turn, is related to N through
where d is the layer thickness and τ Rad is the radiative lifetime, which has a value of 18 ms in SiO 2 [27] . The same value has been taken for SiO x , since it has been proved that it is only slightly modified by long annealing times [28] . The density of excited Er 3+ in each sample is plotted as a function of the pump power in Fig. 8 for nonresonant 476-nm excitation. The total Er content for the various samples is reported in Table I . For sample B-60 , the excited state population at the highest pump flux (about 5 × 10 20 ph/cm 2 ·s) was below 1.4 × 10 19 cm −3 , corresponding to only 3.2% of the total Er concentration, and clearly tending toward saturation. Similar values were reported by Wojdak et al. [14] for a sample grown by ion implantation. Extrapolating these curves allows the esti- mation of the maximum fraction of excitable Er 3+ . It is found to be 3 × 10 19 at/cm 3 , which corresponds to 7% of the Er in the sample.
Three explanations can be given for the low amount of excited Er: either most of the erbium is not active, or Si-nc is unable to excite a greater percentage of erbium, or the Er 3+ luminescence is quenched by some nonlinear effects. The second hypothesis draws from the fact that the coupling between the Si-nc and Er 3+ depends on the spatial distribution of Er 3+ within the dielectrics and, in particular, on the Si-nc/Er 3+ mutual distance. Let us first address the density of optically active erbium. To this end, we measured the Er 3+ luminescence under 488-nm excitation. The 488-nm line is partially resonant with the transition between the Er 3+ ground state and level F 7/2 transition characterized by an absorption cross section of 10 −21 cm 2 [4] . Fig. 9 shows the excited Er 3+ density under resonant and nonresonant excitation for samples B-60 and D-10 , the results being very similar for other samples. While N tends to saturate under high nonresonant pumping, it keeps growing linearly when it is resonantly excited. This is observed in all the samples, and it leads to the conclusion that, while the indirect transfer from Si-nc saturates at some points, Er 3+ can still be excited directly by the 488-nm line.
If we assume that no difference exists in the fraction of Er
3+
excited through a Si-nc-mediated process when resonant or nonresonant pumping is used, we can determine the concentration of optically active Er 3+ . In fact, the difference between the number of excited Er ions for resonant (N 488 ) and nonresonant (N 476 ) excitation is equal to the amount of directly excited Er
This calculation was performed on various samples, with the result that N 488 − N 476 does indeed have a linear dependence on φ for each sample (Fig. 9, inset) . The values of N Er estimated from the slopes are, within the error bar, equal to those measured by RBS. As a typical example, the difference is shown in the inset of Fig. 9 for sample B-60 , where an erbium concentration of 6 ± 3 × 10 20 cm −3 could be estimated. These results show that: 1) in no case we are underestimating the concentration of excited Er 3+ , thereby confirming the validity of our procedures and 2) most of the Er 3+ ions in the samples are optically active. Therefore, the low fraction of Er 3+ that is excited in our experiments can be attributed to the fact that either the Si-nc cannot excite all the Er 3+ or the Er 3+ emission is quenched due to nonlinear processes such as Auger de-excitation or cooperative up-conversion.
Let us concentrate hereafter on the possible inability of Si-nc to excite all the Er 3+ ions. On the one hand, this can be due to a low Si-nc/Er 3+ coupling, which is supported by the recent Er segregation data of [28] . In this paper, it was reported that when a high Er concentration is used, a significant part of the Er 3+ ions segregates into regions with low Si content where the distance with Si-nc gets too large for the excitation transfer to be effective. A detailed modeling addressing this problem can be found in [29] , where a distance-dependent interaction is considered to explain the low amount of Er ions excited through Si-nc. On the other hand, the low excited Er fraction can also be due to a photon flux dependence of the effective excitation cross sections of Er 3+ . Indeed, in [11] , it was shown that confined carrier absorption and Auger recombination turns off the coupling among Er and Si-nc. Fig. 10 shows the pump-power dependence of the luminescence Er 3+ lifetimes at the nonresonant wavelength of 476 nm. A strong decrease of the lifetime is observed in all three samples. This decrease in the lifetimes can be interpreted as being due to up-conversion, a mechanism for which an Er ion de-excites nonradiatively giving its energy to another Er ions close by. The up-conversion coefficient C up can be determined through the relation
D. Up-Conversion
From the fit of the data, the up-conversion coefficients between 2 × 10 −17 cm (sample C-30 ), and 8 × 10 −17 cm 3 ·s −1 (sample D-10 ) can be estimated [23] .
IV. RIB-LOADED WAVEGUIDES
Starting from the slab waveguides, a series of twodimensional (2-D) rectangular waveguides have been fabricated. Optical lithography and reactive ion etching have been used to define rib-loaded waveguides. The photolithographic mask used for waveguide definition consisted of approximately 500 lines, each 4-cm long, with rib widths between 3.5 and 12 µm. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) have been used to characterize the rib profile as well as the waveguide roughness due to etching, and to measure the rib width (Fig. 11) . Table II shows the waveguide parameters together with the calculated confinement factor Γ of the fundamental optical mode. The choice of the largest rectangular structures available strongly reduces scattering losses due to irregularity of 
A. Optical Losses
Optical losses measurements in the rib-loaded waveguides have been performed by butt coupling the signal from a tunable diode laser (1.2-1.6 µm) through a single-mode polarizationpreserving tapered fiber moved by a piezoelectric stage. The light exiting the end facet of the waveguide was observed through a prism beam splitter, with a microscope objective (40×) matched both to a zoom (2 × -12×) mounted on an InGaAs camera and to a calibrated Ge detector.
The insertion losses show the Er 3+ characteristic absorption (α abs ) peak at 1534 nm superimposed to a background (dashed line) that decreases with the wavelength (Fig. 12) . The background is due to the coupling (α coupling ) and propagation (α propagation ) losses. The coupling losses can be considered constant within 1 dB in this wavelength range. The propagation losses at long wavelengths (i.e., at 1600 nm, where Si-nc are transparent and the absorption of Er 3+ ions is very low) can be attributed to light scattering due mainly to the waveguide roughness and, to a lower extent, to the composite structure of the core layer (Mie scattering).
In Fig. 13 , the propagation losses at 1600 nm have been reported as a function of the refractive index. Measurements are performed at a single wavelength on a large number of ribloaded waveguides to average on misalignments and sampledependent properties. The aged samples show larger losses than the one reported here. It is clear from Fig. 13 that the losses reduce significantly (up to about 1 dB/cm) when the refractive index of the core layer is decreased, that is in the short annealed samples.
By subtracting the background losses, the Er 3+ absorption spectrum can be reproduced and, thus, absorption cross sections (σ abs ) can be deduced. In fact, α abs = Γσ abs N Er . As an example, for waveguide sample A-240 , α abs = 3.6 dB/cm at 1534 nm, which corresponds to a σ abs = 4 ± 2 × 10 −21 cm 2 . This value is the same as that for Er 3+ in pure silica, i.e., 4 × 10 −21 cm 2 [30] , thus, no effects due to the presence of the Si-nc are observed as claimed in [10] (claims revised in [31] ). However, a clear increase of σ abs can be observed with a decrease in the refractive index n (Fig. 14) .
At first sight these results seem to contradict other experimental findings of an increase in the transition rate when the refractive index of the material increases [32] . However, this is true when the emission/absorption cross section of Er 3+ is constant, i.e., when only mean field corrections apply due to composition variations, which lead to a change in the refractive index n. In our waveguides, we observed both a variation of the composition of the dielectric, which is reflected in a variation of n and a variation of the local Er 3+ environment, which is reflected in a line-shape variation of the Er 3+ -related optical transitions [26] . 
B. Pump and Probe Measurements
Internal gain measurements have been performed by the pump and probe experiments. We have used two different light sources to act as probes: a tunable laser (1.5-1.6 µm) that can cover a large part of the 4 I 13/2 → 4 I 15/2 transition (peaked at 1535 nm), where the amplification effects should take part and a diode laser operating at 1310 nm, well away from transitions related to the Er 3+ ions. The probe beam was butt-coupled into the rib-loaded waveguides. The pump source was a Millenia laser (532 nm) or an Ar laser (488 and 476 nm) focused on the waveguide surface into a 100-µm wide and 1-cm long strip by means of a cylindrical lens. The alignment of the pump with the rib-loaded waveguide was checked by two cameras for side and top observations. In order to eliminate diffused light and amplified spontaneous emission in the detection, the probe signal was chopped (10 kHz) and then measured through a lock-in connected to a computer.
We measured the ratio of the transmitted probe light intensity when the pump beam was on the waveguide, i.e., I P&P , and when no pump beam was present, i.e., I P . Let us consider signal enhancement SE = I P&P /I P . By using an effective two-level system [33] SE = exp(2σ em N ΓL), where σ em is the Er 3+ emission cross section and L is the pumped waveguide length. We will define the internal gain coefficient as g (cm −1 ) = σ em N Γ. In Fig. 15 , we report as a function of the pump power the signal enhancement at 1310 nm, where Er 3+ is transparent. The SE decreases with increasing pump power. The probe beam is strongly absorbed. This is attributed to confined carrier absorption where the probe photons are absorbed by pump-excited carriers confined in Si-nc. The dynamics of this effect (Fig. 15,  inset) is surprisingly slow (few tens of seconds).
These long times cannot be explained by the lifetime of excitons in Si-nc, which is of the order of tens of microseconds. The explanation can be found either to excitons that are formed by electrons and holes separated by a large distance [6] or to the carrier trap associated with nanoclusters, as recently found by Forcales et al. [34] .
Confined carrier absorption not only introduces a new loss mechanism on the probe signal but turns off the Si-nc-mediated excitation mechanism of Er 3+ [11] . When decreasing the annealing time from 60 to 10 reducing both the size and probably also the distance among Si-nc, this detrimental effect is diminished. In fact, Fig. 15 shows that for sample D-10 , the SE decrease occurs at a higher photon flux with respect to sample B-60 .
To look for amplification, a probe signal at 1535 nm should be used. As shown in Fig. 16 , the SE for sample B-60 is constant at low pump flux and decreases at high pump flux. The extent of the decrease is low and the typical flux for the onset of absorption is higher than that reported in Fig. 15 .
More interestingly, in the waveguide D-10 , where confined carrier absorption is minimized, there is an enhanced SE up to a maximum of 1.22 (0.43 dB/cm) using moderated density powers (hundreds of watts per square centimeter). Over a critical pump-power value (600 W/cm 2 ), the SE decreases. This is due to competing loss mechanisms such as confined carrier absorption, to the reduction of the effective excitation of Er 3+ via Si-nc caused by pump-power-dependent nonradiative recombinations in Si-nc (Auger and confined carrier absorption), and due to the onset of Er 3+ nonradiative recombination mechanisms such as up-conversion or Auger de-excitation. Again comparing the waveguide B-60 and D-10 , even though it was shown in Fig. 8 that the density of excitable Er 3+ ions is three times in sample B-60 than in sample D-10 , it is clear from these results that the weaker confined carrier absorption and the increased emission cross section [26] largely compensate for this difference and allow the measure of SE > 1 in waveguide D-10 .
In Fig. 17 , the signal enhancement of sample C-30 is reported for two different excitation wavelengths, 488 and 476 nm, which are resonant and nonresonant with Er 3+ internal transitions, respectively. The probe wavelength was 1530 nm. It was found that both lines gave a maximum SE of 1.4 at a pump flux of 5 × 10 20 ph/cm 2 · s, thus, suggesting that at these photon fluxes the Er 3+ excitation is mediated by Si-nc, while the direct Er 3+ excitation is negligible. The larger SE of sample C-30 (about 1.35 against 1.08 of sample D-10 at 2 × 10 20 ph/cm 2 ·s) is to be attributed in part to the higher absorption cross section of Si-nc at 476 nm than at 532 nm, and in part to the higher excitable Er 3+ concentration (Fig. 8) . Moreover, it has been shown that the up-conversion is weaker in sample C-30 than in sample D-10 .
V. CONCLUSION
In this paper, we have reported the investigation of the effects of changing dielectrics on the recombination of Er 3+ coupled to Si-nc. Amplification studies have also been carried out with clear indications of signal enhancement. We decided to change the Er 3+ environment by keeping the excess Si content constant while performing annealing treatment at a fixed temperature for various durations. In this way, it was possible to relate the annealing time with the clustering of Si into Si-nc of growing sizes. Only at the longest annealing time, the phase separation between SiO 2 and Si seems to be completed. At intermediate annealing time, a situation emerges where both a nonstoichiometric SiO x and small Si-nc are present. All these variations can be recognized in the refractive index values that increase when the annealing time lengthens.
The variations of the composition of the dielectrics have a strong influence on the recombination dynamics of Er 3+ . In particular, increasing the annealing time: 1) increases the effective excitation cross sections; 2) decreases the absorption cross sections; 3) decreases the emission cross sections; 4) increases the radiative lifetimes; 5) decreases the up-conversion coefficients; and finally, 6) increases the maximum excitable fraction of Er 3+ . Also, the signal propagation in ridge-loaded waveguides is affected by the annealing time. Indeed the propagation losses have been found to increase. Moreover, confined carrier absorption within the Si nanocluster, which is a considerable pumppower-dependent loss mechanism, increases with the formation of larger Si-nc. Confined carrier absorption is not only a loss mechanism but it also influences the coupling of Si-nc with the Er 3+ ions. Hence, intermediate annealing time seems to emerge as a choice for this set of processing parameters, if one aims at the amplification of the waveguide. In fact, decreasing the annealing time and, thus, the refractive index the propagation losses are reduced but, in contrast, the number of excitable Er 3+ ions via Si-nc are decreased too (Fig. 9) . Moreover, the up-conversion increases with reducing the annealing time. So the optimum choice is an intermediate value, where a maximum SE of 1.35 is measured. This paper has shown that to optimize EDWA based on the coupled Si-nc/Er 3+ system, a lot of work still remains to be done in terms of optimizing the material properties and waveguide geometries, in order to reduce the parasitic effects (confined carrier absorption, up-conversion, Auger), to enhance the excitable Er fraction via Si-nc and to achieve a net optical gain. He is currently with Istituto Trentino di Cultura, IRST, Trento. His current research interests include structural and optical properties of nanostructures materials and, more recently, silicon radiation detectors.
